ABSTRACT Aim: Optic nerve hypoplasia (ONH) is a congenital ocular malformation that has been associated with neurodevelopmental disorders, but the prevalence in unilateral disease and less severe visual impairment is unknown. We studied intellectual disability and autism spectrum disorders (ASDs) in patients with ONH.
INTRODUCTION
Optic nerve hypoplasia (ONH) is a congenital malformation characterised by a thin optic nerve holding less axons, resulting in a visual outcome ranging from nearly normal visual acuity to total blindness. ONH is the most common optic nerve malformation (1, 2) and one of the leading causes of visual impairment in developed countries (3, 4) . It can affect one or both eyes, and the aetiology is considered to be multifactorial, with a combination of environmental factors and genetic vulnerability. We have previously shown that the prevalence of ONH in children was 17.3 of 100 000 in the county of Stockholm, including 45% cases with unilateral ONH (2) . The prevalence of ONH in children below 16 years of age has been reported to be 10.9 of 100 000 in England (5) .
Associated pituitary hormone deficiencies and neurodevelopmental disorders in patients with ONH have been described in numerous studies (6) (7) (8) (9) (10) (11) (12) (13) (14) . However, the prevalence of these conditions is still unknown due to a lack of population-based studies and the possibility that children with less severe visual impairment and unilateral disease Abbreviations ADHD, attention deficit hyperactivity disorder; ASD, autism spectrum disorder; BCVA, best-corrected visual acuity; DSM-V, Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition; FSIQ, full scale intelligence quotient; ONH, optic nerve hypoplasia; WISC-IV, Wechsler Intelligence Scale for Children, Fourth Edition.
Key notes
This population-based cohort study of 65 patients with optic nerve hypoplasia (ONH) reports the prevalence of intellectual disability and autism in both unilateral and bilateral diseases. Intellectual disability was more common in bilateral ONH (56%) than unilateral ONH (9%) in 55 patients, and autism spectrum disorders were detected in 17% of 42 patients. The neurodevelopmental disorders we found were common enough in both groups to warrant screening for these conditions. may have been missed in previous studies. A populationbased study from 1984 described 51 children with ONH, including 92% with bilateral disease (8) , and reported that 71% had mental retardation and 20% had problems such as attention deficit disorder or aggressive, violent or autistic behaviour. Another study of 93 children with ONH reported developmental delay in 46% of those with bilateral ONH and poor vision, but normal development in all 11 children with unilateral disease (7) . A larger prospective study from a referral centre in the USA, which found that ONH was only unilateral in 18% of its study cohort, reported developmental delays in 39% of the children with unilateral disease and in 78% of those with bilateral disease (11) . Few studies have focused on the association between autism spectrum disorders (ASDs) and ONH, but two smaller Swedish studies of visually impaired children with bilateral ONH reported ASD levels of 29% and 69% (9, 14) . Another study reported ASD in 31% of patients with bilateral ONH and profound or severe visual impairment (12) . There is a paucity of data concerning less severe and unilateral ONH.
Thus, although children with ONH have been reported to have a higher risk of neurodevelopmental disorders, the actual prevalence is still unknown, especially for those with less severe visual impairment and unilateral disease. We therefore performed a population-based, cross-sectional cohort study to examine the prevalence of intellectual disability and ASD. Our hypotheses were that these problems would be common, but that unilateral ONH disease would be associated with a less pronounced risk. Understanding the risk of neurodevelopmental disorders in children with either unilateral or bilateral ONH is crucial for designing investigations and follow-up, allocating financial resources and predicting outcome.
METHODS

Participants
This was a population-based, cross-sectional cohort study of 65 patients with ONH, who were below 20 years of age and living in the county of Stockholm in December 2009. All the data were analysed in January 2016. The database at the St Erik Eye hospital was searched for diagnosed optic disc malformations (Q14.2, Q14.8) and septo-optic dysplasia (Q0.44), according to the International Classification of Diseases, Tenth Revision (ICD-10). Because the St Erik Eye hospital has the only department of paediatric ophthalmology in Stockholm and there is a consultant neuropaediatric eye department at Astrid Lindgren Children's Hospital, we were able to identify all the children with a diagnosis of ONH in our region. The consultants at Astrid Lindgren Children's Hospital reported another three patients in addition to the St Erik database patients, meaning that 176 children and adolescents with optic nerve malformations were detected. After excluding patients with other optic disc malformations than ONH, patients from other counties and patients who had been incorrectly diagnosed, 79 patients with ONH were identified. Of these, 53 families accepted clinical assessments, and another 12 families gave us permission to review the medical records and previous neuropsychological investigations. In total, 65 patients were included in this study, accounting for 82% of the eligible cases.
Ophthalmological assessment
The ophthalmological assessment included the best-corrected visual acuity (BCVA), fundus photography and visual field examinations. The diagnosis of ONH was confirmed by an ophthalmologist (KTF) when there was a small optic disc in combination with visual deprivation and, or, a visual field defect (2 Neuropsychological assessment A structured neurological assessment was conducted by a paediatrician (SD), blinded to the patient's clinical characteristics. The assessment also included their medical history, cognitive development, speech and language development, education and any history of behavioural, psychiatric and social difficulties. Medical records were reviewed after the visit. The parents filled out the Five to Fifteen parent questionnaire, which is a validated tool for assessing general development and behaviour if the subject was between five and 15 years of age (15, 16) . The questionnaire was sent to the parents before the clinical assessment and was collected during the visit. The questionnaire consists of 181 items representing eight domains: motor skills, executive functions, perception, memory, language, learning, social skills and emotional/ behavioural problems. Each statement can be answered as either: does not apply (score of zero), applies sometimes or to some extent (score of one) or definitely applies (score of two). To calculate a mean domain score, more than 50% of the items within the domain needed to be answered. The mean domain scores were calculated and compared with normative data for the relevant age group (15, 16) . A score of at least the 90th percentile is indicative of definite developmental problems, and a score of at least the 98th percentile indicates major developmental problems.
Previous neuropsychological investigations were retrieved and re-evaluated. Patients who had not been tested previously were tested by a psychologist (UE) with the Wechsler Intelligence Scale for Children, Fourth Edition (WISC-IV) (17), or if they were over the age of 18, the Wechsler Adult Intelligence Scale, Fourth Edition (18) . The results were analysed with regard to the four indices: verbal comprehension, perceptual reasoning, freedom from distractibility and processing speed, as well as for full scale intelligence quotient (FSIQ). The FSIQ is based on a mean of 100 and standard deviation of 15 and is derived from a combination of 10 core subtests. It is considered to be the most representative estimate of global intellectual functioning. The mean index scores and mean FSIQ scores, namely the mean composite scores, were compared between the subjects with unilateral and bilateral ONH and correlated to the BCVA. Intellectual disability was defined as an IQ of <70 combined with deficits in adaptive functioning.
Patients who fulfilled several criteria for ASD or attention deficit hyperactivity disorder (ADHD) according to the Diagnostic and Statistical Manual of Mental Disorders (DSM), Fifth Edition (19) , were referred to further investigations. A diagnosis of ASD or ADHD was established in cases where thorough neuropsychiatric assessment revealed symptoms fulfilling DSM-V or the previous Fourth Edition (19, 20) criteria for ADHD or ASD, with the latter including autistic disorder, Asperger's disorder and pervasive developmental disorder not otherwise specified. Patients with autistic traits were not included as having ASD. Normal intelligence was defined as a normal neurological assessment, ordinary schooling and a Five to Fifteen learning mean domain score below the 90th percentile.
Statistical methods
Fisher's exact test was used to compare the categorical variables, and an independent samples t-test was used to compare continuous variables. When the assumptions underlying the t-test were not met, the Mann-Whitney U test was used instead. One-way ANOVA was used to investigate group differences between the mean index scores. A p value of <0.05 was considered statistically significant. The statistical analysis was performed using STATISTICA 13 (StatSoft Inc, Oklahoma, USA).
The regional ethics committee in Stockholm granted approval for this study, and written, informed consent for participation and publication of the results was obtained from the parents and from adolescents older than 15 years of age. This study was performed according to the Declaration of Helsinki.
RESULTS
Participant demographics
This was a study of 65 patients, who were under 20 years of age in December 2009. Of these, 35 patients had bilateral ONH, 30 patients had unilateral ONH, there were 33 females and 32 males, and their median age at the analysis of the results in January 2016 was 14.1 years (range 6.1-25.5 years). Their median gestational age was 39 weeks (range 24-43 weeks), and 13 patients (21%) were born preterm. There were 19% who were blind, with a BCVA of <0.05, and all of them had bilateral ONH. In contrast, BCVA showed mild or no visual impairment in all patients in the unilateral group. The characteristics of the cohort are presented in Table 1 .
Wechsler composite scores
We collected 30 previously performed neuropsychological investigations, including seven who were assessed with Wechsler Preschool and Primary Scale of Intelligence (21) and 11 who had been assessed with the Third or Fourth Edition of the WISC, generating composite scores. An additional 15 children were tested with the WISC-IV (17), including one blind patient with a BCVA of <0.1 and one adolescent with Wechsler Adult Intelligence Scale, Fourth Edition (18) . Of these 16 patients, 15 had a normal intelligence, including the blind patient, and one patient had a mild intellectual disability. Composite scores from 34 patients were analysed, which enabled us to compare the mean composite scores between 16 unilateral and 18 bilateral ONH patients ( Table 2 ). The median age for testing was 10 years (range 5-19 years) and 18 (53%) were males.
Patients in the bilateral group had lower mean FSIQ scores (mean 84.4, range 47-127) than patients with unilateral ONH (mean 99.4, range 75-133) (p = 0.049) ( Table 2 and Fig. 1 ). It was notable that the bilateral group displayed a wide spectrum, from moderate intellectual disability to above average intelligence, with six patients having a score of 100 or above. There were no significant differences between unilateral and bilateral ONH regarding the four Wechsler indices of verbal comprehension, perceptual reasoning, freedom from distractibility and processing speed. However, patients with bilateral ONH had a tendency towards lower scores in the perceptual reasoning domain (mean 86.6 versus 101.8, p = 0.06) ( Table 2) .
Neurodevelopmental disorders
Intellectual disability was diagnosed in 20 of 55 (36%) patients eligible for the analyses, as defined by the aforementioned criteria. There was an equal gender distribution, and they were diagnosed at a median age of 5.5 years (range 1.7-21.0 years). There were four patients with an intellectual disability who were born preterm. In the bilateral group, 18 of 32 (56%) had an intellectual disability, and in the unilateral group, the number was two of 23 (9%). Thus, intellectual disability was significantly more common in patients with bilateral ONH (p < 0.001) ( Table 3) . For the ASD evaluation, eight patients were excluded because their intellectual disability was too severe for signs of autism to be evaluated. Moreover, three patients with bilateral ONH and two patients with unilateral ONH had shown autistic traits, but declined further investigation and were excluded. In total, 42 patients were included, and an ASD was diagnosed in seven (17%) patients: five males and two females. Only one patient with autism was born preterm. The children with ASD were diagnosed at a median age of 10.3 years (range 5.8-15.6 years). In bilateral ONH, five of 21 (24%) had a diagnosis of ASD, and in unilateral ONH, there were two of 21 (10%) (p = 0.41) ( Table 3) . Two boys with bilateral ONH had both intellectual disability and ASD, but having an ASD did not correlate to lower FSIQ scores: the mean score was 95.4 in the ASD group versus a mean of 94.0 in patients without ASD (p = 0.89). In addition, three patients with unilateral ONH and two patients with bilateral ONH had a diagnosis of ADHD. Four of them also had a concomitant diagnosis of ASD. One child tested with WISC-IV (17) had a suspected ASD and was referred to further investigation. He was later diagnosed with ADHD.
Best-corrected visual acuity
Blindness and severe visual impairment (BCVA <0.1) correlated to intellectual disability (p = 0.04). However, all patients with a BCVA <0.1 had bilateral ONH, and the intragroup analysis showed that there was no significant difference between the correlation of intellectual disability and a BCVA of <0.1 or ≥0.1, respectively, in the bilateral group. This suggests that visual impairment, in itself, did not increase the risk of intellectual disability. Furthermore, there were no significant differences between the correlation of different BCVA levels and FSIQ scores, probably due to the low number of patients with BCVA <0.1 eligible for the analysis. In addition, ASD did not correlate to levels of BCVA (BCVA <0.1, p = 1.0). 
DISCUSSION
This study showed that the prevalence of intellectual disability in children and adolescents with ONH was high, at 36%. In the bilateral group, the prevalence of intellectual disability was as high as 56%, and in the unilateral group, it was 9%, which was a marked difference. In addition, patients with bilateral ONH had significantly lower mean FSIQ scores, albeit with a wide spectrum of results, ranging from moderate intellectual disability to above average intelligence. The prevalence of ASD was 10% in the unilateral group and 24% in the bilateral group. To our knowledge, this is the first study to report ASD prevalence in unilateral ONH. Rather unexpectedly, only two of seven patients with ASD had an intellectual disability, and patients with ASD did not have lower FSIQ scores than patients without ASD. This was consistent with Ek et al. (14) , who described children with bilateral ONH and autism in all cognitive subgroups, but in contrast to the findings of Parr et al. (12) , who found significantly lower developmental quotients in children with clinical ASD in a cohort of children with profound or severe visual impairment. As these studies were not populationbased, a direct comparison may be inappropriate.
We found that blindness and severe visual impairment correlated to an increased risk of intellectual disability, but all the patients with a BCVA <0.1 had bilateral ONH. The results suggest that the visual impairment, in itself, did not increase the risk of intellectual disability, but was a symptom of a more severe bilateral ONH disease. ASD did not correlate to levels of BCVA, and only one of five bilateral ONH patients with ASD had a BCVA of <0.1. This indicated that the brain dysfunction associated with ONH played an important role in autism development in our study. Two other studies have reported higher frequencies of autistic symptoms in children with ONH and, or, septooptic dysplasia and profound visual impairment, but no significantly increased risk of ASD (12, 13) .
In our population-based cohort, we previously reported the highest known prevalence of ONH, including an unusually high proportion (46%) of unilateral ONH (2) . Approximately 70% of the patients only had mild or no visual impairment. We believe this was indicative of a less selected cohort. In a study by Skarf et al. (7), 12% of the cases were unilateral and all of them had normal development, in contrast to the bilateral group with poor vision where 46% had a developmental delay. They concluded that an eye examination could predict the risk of developmental disorders. Our results support this theory, and probably reflected that bilateral ONH was, to a higher extent, associated with a more severe adverse impact on the developing brain. However, our study also indicated that children with unilateral ONH had a higher risk of intellectual disability and ASD than seen in the general population. In Sweden, the prevalence of intellectual disability has been estimated to be 1-2% (22) , and the prevalence of ASD in Stockholm has been estimated to be 1% (23) . Our prevalence of intellectual disability was lower than the reported prevalence of developmental delay in a larger prospective study from a referral centre in the USA (11). They found a developmental delay in 78% of the children with bilateral ONH and 39% in the unilateral group using the Battelle Developmental Inventory. But our findings agreed with Garcia-Filion et al. (11), as we did not find any increased risk of intellectual disability following premature birth.
We chose to study the diagnosis of intellectual disability rather than the wider concept of developmental delay, as it has a larger impact on the child's and family's everyday life. However, no single test can establish the diagnosis of intellectual disability, and IQ testing needs to be followed by an assessment of adaptive functioning and screening for other neurodevelopmental disorders. Furthermore, in children with severe visual impairment or blindness, neuropsychological tests, such as the Wechsler Scales, need modifications and various complementary tests are often used (24) . In our cohort, there were several patients who had more than one diagnosis of neurodevelopmental disorder, and in some cases, the diagnosis changed over time. Coexistence of neurodevelopmental disorders is generally very common, and the symptoms overlap. Therefore, the term Early Symptomatic Syndromes Eliciting Neurodevelopmental Clinical Examinations has been coined to stress that children with neuropsychiatric symptoms need a multidisciplinary evaluation (25) . In our cohort, 46% of the patients with ONH had already been tested neuropsychologically, once or several times. Nevertheless, the fact that the patients of the current study were examined using different neuropsychological tests and that no standardised autism assessment was conducted is a study limitation.
There is a lack of reliable testing instruments for ASD in visually impaired children. Promising efforts have been made to modify the Autism Diagnostic Observation Schedule and the Autism Diagnostic Interview, Revised (26) , but these need to be validated further. We used the Five to Fifteen parent questionnaire to screen for ASD, together with neurological assessments and medical history. Borderline cases that declined further investigation were excluded from the analysis, which may have affected the prevalence of ASD. We also excluded eight patients with moderate to severe intellectual disability who could not participate in any testing. Our study showed a lower prevalence of ASD (17%) than previously described. However, the prevalence of ASD in the bilateral group (24%) was comparable with the results of 29-33% from other studies (9, 12, 13) , and we thus believe that this discrepancy was due to the population-based design of this study. The prevalence of ASD did not differ significantly between unilateral and bilateral diseases, but it is possible that a larger cohort may have shown such an association and this should be studied further. Furthermore, it is notable that the children in our cohort received their ASD diagnoses late at a median age of 10.3 years (range 5.8-15.6 years). This probably reflected a lack of knowledge about the high prevalence of ASD in children with ONH, failure to recognise autistic symptoms, confusion with blindism and lack of validated standardised autism assessments for visually impaired children.
CONCLUSION
Children with bilateral ONH had a very high risk of neurodevelopmental disorders in our study, especially intellectual disability. In children with unilateral ONH, there was a less pronounced risk of intellectual disability. Nevertheless, neurodevelopmental disorders were common enough in both groups to warrant screening for these conditions before starting school.
